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Leishmania donovani, a protozoan parasite, is the causative agent of visceral leishmaniasis. It lives and multiplies within the
harsh environment of macrophages. In order to investigate how intracellular parasite manipulate the host cell environment, we
undertook a quantitative proteomic study of humanmonocyte-derived macrophages (THP-1) following infection with L. don-
ovani. We used the isobaric tags for relative and absolute quantification (iTRAQ)method and liquid chromatography-tandem
mass spectrometry (LC-MS/MS) to compare expression profiles of noninfected and L. donovani-infected THP-1 cells. We de-
tected modifications of protein expression in key metabolic pathways, including glycolysis and fatty acid oxidation, suggesting a
global reprogramming of cell metabolism by the parasite. An increased abundance of proteins involved in gene transcription,
RNA splicing (heterogeneous nuclear ribonucleoproteins [hnRNPs]), histones, and DNA repair and replication was observed at
24 h postinfection. Proteins involved in cell survival and signal transduction were more abundant at 24 h postinfection. Several
of the differentially expressed proteins had not been previously implicated in response to the parasite, while the others support
the previously identified proteins. Selected proteomics results were validated by real-time PCR and immunoblot analyses. Simi-
lar changes were observed in L. donovani-infected humanmonocyte-derived primary macrophages. The effect of RNA interfer-
ence (RNAi)-mediated gene knockdown of proteins validated the relevance of the host quantitative proteomic screen. Our find-
ings indicate that the host cell proteome is modulated after L. donovani infection, provide evidence for global reprogramming of
cell metabolism, and demonstrate the complex relations between the host and parasite at the molecular level.
Visceral leishmaniasis (VL) is a vector-borne neglected tropicaldisease caused by an obligate intracellular protozoan parasite,
Leishmania donovani (1). Infective metacyclic promastigotes in-
fect cells of themonocyte/macrophage lineage, where they survive
and multiply as intracellular amastigotes in the parasitophorous
vacuole (PV), which acts as a safe haven (2).
Leishmania has developed an intricate relationship with its
host, primarily cells of the monocyte/macrophage lineage, where
it exploits and subverts the host immune system by either induc-
ing immunosuppression or promoting proparasitic host factors to
ensure its survival and growth in an otherwise harsh milieu (3).
Hijacking of innate immune functions of macrophages by Leish-
mania appears to be a multifarious event, as macrophages have
inherently evolved to defend the host against invading pathogens
by amyriad of effectors rather than providing a favorable environ-
ment to the pathogen. The chief molecular mechanisms by which
Leishmania is known to inhibit the activation of macrophages to-
ward its own benefit include suppression of deadly antimicrobial
free radicals such as nitric oxide (NO), faulty antigen presenta-
tion, selective induction and suppression of host cell apoptosis,
inhibition of cytokine production and hence cytokine-inducible
macrophage function, and activation of T cells (4–8). Leishmania
has evolved sophisticated mechanisms to alter the physiological
program and activation of adaptive immune responses of host
cells by exploiting host cell signaling mechanisms such as the
downregulation of Ca2-dependent classical protein kinase C
(PKC) activity and extracellular signal-regulated kinase (ERK)
phosphorylation and activity (9, 10). Using mainly host tyrosine
phosphatases, Leishmania is known to deactivate mitogen-acti-
vated protein kinases (MAPKs) in infected macrophages (5). Ex-
tensive manipulations of host cell effector (innate and adaptive)
functions by pathogens must be reflected at the levels of tran-
scripts as well as proteins. Enormous efforts made in the field of
host gene expression profiling using different (murine and/or hu-
man) cell types and different species of Leishmania provide key
insights into an extensive modulation of gene function and con-
tribute to a better understanding of the dynamics of gene expres-
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sion postinfection (11–14). This type of transcriptome-based
analysis has major limitations, as it does not represent the true
effectors of cellular functions—the proteins.
A recent study based on a comparative proteome analysis re-
vealed differentially expressed proteins in CBA (inbred strain of
mouse) macrophages infected with Leishmania amazonensis or L.
major in an effort to identify key proteins likely to play a crucial
role in determining the course of infection (15). In the present
study, we have adopted a quantitative proteomics-based approach
to gain insight into the reprogramming of the THP-1 cell line, an
acute monocytic leukemia-derived human cell line, exposed to L.
donovani for different time periods. Activated THP-1 cells have
long been used as a versatile model system to study inflammatory
responses, host cell apoptosis, and autophagy behavior in re-
sponse to intracellular pathogens (16, 17). This model may not
completely replicate the in vivo conditions after infection, but it is
a well-established in vitro model system to study the host-Leish-
mania interface (18).
In the present study, quantitative changes in the dynamics of
the host proteome status at intervals of 12, 24, and 48 h after
infection with L. donovani were tracked by using isobaric tags for
relative and absolute quantification (iTRAQ) followed by high-
resolution mass spectroscopy (MS). Our data not only provide
corroborating evidence for some previously identified specific
proteins but also are indicative of a global reprogramming of host
metabolic and regulatory events by L. donovani.
MATERIALS AND METHODS
Parasites. L. donovani strain AG83 (MHOM/IN/1983/AG83), used in the
present study, was routinely maintained in BALB/c mice by repeated pas-
sage to maintain its virulence. Amastigotes were routinely isolated from
the spleen of infected BALB/c mice and were made to undergo transfor-
mation from amastigotes to promastigotes, prior to infection, as reported
previously (19, 20). Promastigotes of L. donovani AG83 were routinely
cultured inmodifiedM199medium (Sigma, St. Louis,MO,USA) supple-
mented with 10% heat-inactivated fetal bovine serum (FBS; Gibco/BRL,
Life Technologies, Scotland,UnitedKingdom) and 0.13mg/ml penicillin-
streptomycin at 26°C.
Cell culture and infection. The THP-1 cell line, an acute monocytic
leukemia-derived human cell line (ATCC TIB-202TM), was cultivated in
suspension at a density of 105 to 106 cells/ml in RPMI 1640 medium
(Sigma, St. Louis, MO, USA) supplemented with 10% heat-inactivated
FBS and 1% streptomycin-penicillin at 37°C in 5% CO2. PMA (phorbol
12-myristate 13-acetate; Sigma, St. Louis, MO, USA)-treated and subse-
quently differentiated THP-1 cells act like macrophages and are widely
used to study monocyte-derived macrophage (MDM) behavior. The dif-
ferentiation of THP-1 cells into macrophages was induced by incubating
cells for 48 h with 50 ng/ml PMA at 37°C in 5%CO2 in flat-bottom 6-well
tissue culture plates (Greiner Bio-One, Germany).
Human peripheral blood mononuclear cells (PBMCs) were isolated
by using a Ficoll Paque density gradient (Sigma, St. Louis, MO, USA) on
whole blood collected from healthy donors. MDMs were isolated as de-
scribed previously (21). Briefly, isolated monocytes were cultured over-
night in 6-well plates at a density of 2 106 cells per well in the presence
of macrophage colony-stimulating factor (M-CSF) (300 ng/ml) in RPMI
mediumwith 10% fetal calf serum (FCS). Nonadherent cells were repeat-
edly washed, and cells were allowed to differentiate into MDMs in the
presence of M-CSF and 10% FBS. Differentiated MDMs were harvested
after 96 h.
For infection experiments, THP-1 cells as well as MDMs were har-
vested and distributed into six-well plates at 0.5  106 cells/well. Unin-
fected cells were used as controls. Stationary-phase promastigotes were
added to confluent cells at an infection ratio of 20:1 to initiate infection.
Excess noninfective promastigotes were removed by several washes with
phosphate-buffered saline (PBS). An infection ratio of 20 promastigotes
per macrophage was consistently found to be optimal, with an average
infection ratio of almost 8 parasites permacrophage at 48 h postinfection.
This infection ratio was hence selected for the following experiments.
Infected cells were incubated for different time periods to allow the estab-
lishment of infection and the transformation and multiplication of the
intracellular parasites.
Cell harvest and protein extraction.Uninfected and infected THP-1
cells were harvested by the addition of 300 l of 0.05% EDTA per well.
Proteins were extracted from cells by frequent washing in ice-cold PBS
followed by lysis in membrane lysis buffer (Invitrogen, Carlsbad, CA,
USA). Briefly, Halt protease inhibitor cocktail (Thermo Fisher Scientific,
USA), phenylmethylsulfonyl fluoride (Sigma, St. Louis, MO, USA), and
the nuclease inhibitor benzonase (Sigma, St. Louis,MO,USA)were added
to the lysis buffer. Several freeze-thaw cycles were performed in order to
completely lyse the cells. The cell lysate was centrifuged at 13,000 g for
20 min at 4°C, the supernatant was collected, and the protein concentra-
tion was determined by using a Bio-Rad protein assay kit (Bio-Rad Lab-
oratories Inc., Hercules, CA, USA).
Quantitative proteomics using iTRAQ labeling and liquid chroma-
tography-tandemmass spectrometry (LC-MS/MS). iTRAQ labeling was
performed according to the manufacturer’s protocol (AB Sciex, Foster
City, CA). Briefly, equal amounts of protein (100 g) from control cells
(uninfected THP-1 cells) and infected THP-1 cells were precipitated with
acetone. Proteins from each sample were dissolved in 20l of dissolution
buffer (0.5 M trimethylammonium bicarbonate) and 1 l of denaturant
reagent (2% SDS) and reduced for 1 h at 60°C with 2 l reducing agent.
Cysteine blocking was performed by using 1 l of cysteine blocking re-
agent for 10 min at room temperature. Tryptic digestion was performed
by the addition of 10 l of a trypsin solution (Sigma, USA) (1 g/l in
double-distilled water), followed by incubation for 16 h at 37°C. The
peptides were labeled by using appropriate iTRAQ labels (114, 115,
116, and117) (see Table S1 in the supplemental material) according
to the iTRAQ reagent multiplex kit protocol. Differentially labeled sam-
ples were pooled and fractionated by using strong-cation-exchange (SCX)
chromatography.
The labeled peptide mixture was separated by SCX chromatography
using a high-performance liquid chromatography (HPLC) system (1200
series, quaternary pumps; Agilent) with a UV detector. The labeled sam-
ples were resuspended in SCX low-ionic-strength buffer (5 mM ammo-
nium formate, 30% acetonitrile [ACN]) and loaded onto a PolyLC Poly-
sulfoethyl AZorbax-A SCX column (5m[2.1mmby 150mm];Agilent).
Peptide elution was performed by increasing the salt concentration (5 to
500 mM ammonium formate) and was detected at an absorbance of 214
nm. Initially, a total of 60 SCX fractionswere collected, which in turnwere
pooled to obtain 40 fractions. The concatenation (pooling of equal-inter-
val fractions) strategy was applied to reduce the peptide overlap among
SCX fractions.
After SCX fractionation, the fractions were desalted by using desalting
columns (ZipTip; Millipore) manually. The eluates were finally concen-
trated by using a speedVac concentrator (Thermo Scientific) prior to
analysis by MS. Eluted fractions were further separated by reverse-phase
chromatography using a Nano-LC column (Agilent Technologies, Ger-
many). Mass spectrometric analysis of the column eluate was done by
using a hybrid quadrupole LIT (linear ion trap) mass spectrometer (4000
Q Trap LC-MS/MS system; AB Sciex). For collision-induced dissociation
(CID), the curtain gas was set at 15 lb, nitrogen was used as the collision
gas, and the ionization tip voltage was 2,000 V. The information-depen-
dent acquisition (IDA) mode of operation was used for the acquisition of
survey scans from 400 to 1,600 atomicmass units (amu), followed by CID
of the three most intense ions.
The peptide MS/MS spectra were extracted by using Analyst 1.4.2
software (AB Sciex). The MS/MS spectral data were analyzed for protein
identification and quantification by using Protein Pilot v.3 software, revi-
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sion 114732 (AB Sciex). The Paragon searching algorithm from Protein
Pilot was set up to search iTRAQ 4-plex samples as variable modifications
and with methyl methane thiosulfonate (MMTS) as a fixed modification.
Detailed information about the Paragon algorithm was reported previ-
ously (22). The raw peptide identification results from the Paragon algo-
rithm (AB Sciex) searches were further processed by the Pro Group algo-
rithm (AB Sciex) within the Protein Pilot software before display. The
human reference proteome (uniprot_sprot_20081216Contams.fasta)
and the Leishmania infantum database (release 4.0; http://tritrypdb.org/)
were used for protein identification. The Pro Group algorithm (AB Sciex)
within the Protein Pilot software was used to perform automatic bias
correction to remove variations imparted due to unequal mixing of dif-
ferentially labeled peptide samples (22). Search effort, through the Pro
Group algorithm in the Protein Pilot software, automatically calculated
the reporter peak area, effort factor (EF), and P value. The Unused-Prot
score is Protein Pilot’s measurement of protein identification confidence
taking into account all peptide evidence for a protein, excluding any evi-
dence that is better explained by a higher-ranking protein. The Proteom-
ics System Performance Evaluation Pipeline incorporated directly into
Protein Pilot was employed to conduct target/decoy searches to facilitate
false-positive discovery rate (FDR) estimation. A FDR threshold of 5%
was employed for identification and quantification.
The parameters that were used for identification and quantification of
differentially abundant proteins included (i) proteins identified as having
95% confidence (Unused-Prot score, 1.3) and a minimum of two
peptides, (ii) proteins with fold differences of 1.5 or 0.67, and (iii)
proteins detected in a minimum of two technical replicates.
However, a large number of proteins that were significantly modu-
lated in aminimum of 2 to 3 replicates but identified with a single peptide
(having 95% confidence) were also included in the proteome screen.
The correctness of identification was ascertained by using the Proteomics
System Performance Evaluation Pipeline incorporated directly into Pro-
tein Pilot to conduct the false-positive discovery rate estimation for some
of the proteins that were identified with a minimum of 1 representative
peptide to authenticate the quantification. Although these proteins pass
the statistical filter of Protein Pilot, their differential expression would be
tentative.
Furthermore, at each time point, three biological replicates originat-
ing from three different cultures were used to perform quantitative pro-
teomic experiments. Each biological replicate in turn had two different
technical replicates represented by THP-1 cells infected with either clone
1 (C1) or clone 2 (C2) of the AG83 strain. The ratios of peak areas for each
of the signature ions were obtained and bias corrected, according to the
manufacturer’s instructions, to account for isotopic overlap (22, 23). Pro-
GROUP software (AB Sciex) was used to pool the data from all the exper-
iments. A single protein identification was assigned to each protein, thus
allowing comparison of replicate data sets.
Protein identification, functional classification, and determination of
possible subcellular origins for each protein were performed by using
Gene Ontology (GO) annotations (http://www.geneontology.org/). GO
provides a set of hierarchical controlled vocabulary split into 3 categories,
biological process, cellular component, and molecular function, that can
be manually or electronically assigned to a UniProt KB entry.
RNA preparation and real-time PCR analysis. Total RNA was iso-
lated fromTHP-1 cells andhumanMDMs, infected or not infectedwithL.
donovani, by using Tri reagent (Sigma, St. Louis, MO, USA) and subse-
quently treated with RNase-free DNase (Invitrogen Life Technologies,
Carlsbad, CA, USA) according to the manufacturers’ instructions. The
concentration and purity of RNA were determined by using a Nanodrop
instrument (Thermo Fisher Scientific, USA). RNA (500 ng) was reverse
transcribed by using a first-strand cDNA synthesis kit (Thermo Scientific,
MA, USA). Controls having the same amount of RNA but lacking reverse
transcriptase or the template were used to rule out the presence ofDNAor
any other contamination. Real-time PCR (RT-PCR) with gene-specific
primers was performed on the resulting cDNA by using SYBR Fast green
double-stranded DNA binding dye (Applied Biosystems, CA, USA) and
the ABI Prism 700 sequence detection system instrument (Applied Bio-
systems, CA, USA). NCBI gene identifiers used in the study, primer se-
quences, and product sizes are given in the Table S2 in the supplemental
material. The following program was used for PCR amplification: 50°C
for 2 min, followed by 40 cycles at 95°C for 30 s, 62°C for 1 min, and 72°C
for 20 s. The efficiency of primers was assessed by performing 10-fold
dilution series experiments with cDNA to obtain the average slope of each
primer pair (data not shown). The generation of specific PCR products
was confirmed by melting curve analysis. All sample analysis was per-
formed in triplicate. Amplification of U6 small nuclear RNA (RNU6A)
was used as an internal control. To quantify gene expression, the compar-
ative threshold cycle method for relative quantification (2CT  n-
fold) was used.
RNA interference (RNAi) and intracellular amastigote screening.
Gene knockdownwas performed to validate the proteins whose proteom-
ics identification pattern suggested differential expression in uninfected
and L. donovani-infected THP-1 cells.
Gene knockdown. THP-1 cells were seeded into three 384-well plates
at a confluence of 15,000 cells per well in 50 l of RPMI supplemented
with 10% FBS (Gibco, USA) and 50 ng/ml of PMA (Sigma, St. Louis,MO,
USA) and incubated for 48 h at 37°C with 5% CO2. Once differentiated
THP-1 cells attached to the bottomof the well, the cells were washed twice
with PBS, followed by transfection with small interfering RNA (siRNA;
Dharmacon, USA) (see Table S3 in the supplemental material). Briefly,
transient transfection with siRNAs was carried out by using RNAi Max
(Invitrogen). For each well, 3.9 l of serum-free Opti-MEM (Invitrogen)
and 0.1 l of RNAi Max were preincubated for 5 min at room tempera-
ture. At the same time, 3.5 l of serum-free Opti-MEM was mixed with
0.5 l of each siRNA (5 M) and also incubated for 5 min at room tem-
perature. These twomixtures were combined and incubated for 20min at
room temperature for complex formation. After the addition of 42 l of
complete Dulbecco’s modified Eagle’s medium (DMEM) to the mixture,
the entire solution was added to the cells in each well, resulting in a final
concentration of 50 nM siRNAs. After transfection, cells were incubated
for 48 h to allow gene silencing. The wells were aspirated, and 3  105
Leishmania parasites obtained from stationary-phase culture (5 days after
seeding) were added to each well in 50 l of RPMI supplemented with
10% FBS.
Intracellular amastigote screening. The plates were fixed at 12, 24,
and 48 h postinfection by the addition of 25 l of a 2% formaldehyde
solution. After incubation for 4 h, the wells were washed 5 times with PBS
(using a BioTek 406 automated liquid handler), and finally, 10l of 5M
Draq5 staining solution (catalog no. DR50200; Biostatus) was added. The
plates were incubated with the staining solution for at least 12 h prior to
reading in an Operetta automated fluorescence microscope (Perkin-
Elmer) with a 635-nm filter at a 20 lens magnification. Each well was
imaged 5 times, and the images were analyzed by using LeishPlugin, de-
signed by the IPK-Image Mining software suite. LeishPlugin was able to
detect and quantify both host cells and intracellular parasites (24).
SDS-PAGE and Western blotting. Cell lysis was carried out by using
cell lysis buffer (0.125 mol/liter Tris, 4% SDS, 20% glycerol, and 10%
2-mercaptoethanol). A CB XTM protein assay kit (G Biosciences, USA)
was used to determine the protein concentration. The cell lysate (30 to 60
g) was electrophoresed in 12% SDS-polyacrylamide gels and transferred
onto nitrocellulose membranes at 4°C. Membrane blocking was per-
formed in 5% fat-free milk in 0.05% PBS-Tween 20 (PBST) overnight at
4°C. The membranes were incubated with primary antibodies against
hnRNPK (R332; Cell Signaling) (1:1,000),mitochondrial antiviral signal-
ing protein (MAVS) (E-3; Santa Cruz Biotechnology) (1:1,000), protein
tyrosine phosphatase nonreceptor type 6 (PTPN6)/Src homology region 2
domain-containing phosphatase 1 (SHP-1) (C-19; Santa Cruz Biotech-
nology) (1:1,000), the 78-kDa glucose-regulated protein (GRP78) (A-10;
Santa Cruz Biotechnology) (1:1,000), high-mobility-group protein I
(HMG-I) (EPR7839; Abcam) (1:10,000), histone H4 (L64C1; Cell Signal-
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ing) (1:1,000), and beta-tubulin (Thermo Scientific, USA) (1:5,000) pre-
pared in PBST at room temperature for 1 h. The blots were subsequently
incubated with the secondary antibody conjugated to horseradish perox-
idase in PBST for 1 h at room temperature. Protein bands were observed
on X-ray film by using an enhanced chemiluminescence kit (G Biosci-
ences, USA) (25).
Ethical statement.All experiments performedonhumanMDMswere
approved by the Institutional Human Ethical Committee of the National
Institute of Immunology under project no. IHEC#84/14.
Statistical analysis. All proteomics results were analyzed and ex-
pressed as means 	 standard errors of means (SEM). Proteins detected
and quantified in a minimum of two replicates at each time point were
considered for analysis. One-way analysis of variance (ANOVA) was ap-
plied to analyze the protein fold abundance at different time points. Stu-
dent’s t test was applied to analyze the real-time PCR data and the effect of
knockdown on the infection ratio and intracellular amastigotes. Western
blot results are representative of three independent experiments. P values
of 
0.05 were considered statistically significant. All statistical analyses
were performed by using GraphPad Prism version 5.01.
Public availability and accessibility of proteomic data. Tomake our
findings publicly available and accessible to the research community, we
have submitted our quantification data and the list of proteins and pep-
tides identified to the Human Proteinpedia (HUPA) (http://www
.humanproteinpedia.org/) (26, 27). The data (accession number
HuPA_00807) can be freely downloaded from the following links: http:
//www.humanproteinpedia.org/data_display?exp_id00807 for experi-
ment details and http://www.humanproteinpedia.org/download_data?
exp_id00807 for download data.
RESULTS AND DISCUSSION
Identification and relative abundance of total proteins.A quan-
titative proteomic approach using isobaric tagging and high-res-
olution mass spectrometry was used to compare differential host
proteome abundances in response to L. donovani infection. A pro-
teome comparison of infected and uninfected cells was made at
12, 24, and 48 h postinfection. Themajor limitation of performing
differential host proteome modulation studies where the intra-
cellular eukaryotic pathogen is still multiplying inside parasi-
tophorous vacuoles (PVs) is contaminants originating from
pathogenic peptides. To circumvent this issue, an equal
amount of digested proteins isolated from Leishmania promas-
tigotes that were used to infect macrophages was mixed with host
proteins (uninfected control sample) just prior to peptide labeling
using isobaric tags. This kind of approach has previously been
used to normalize any signal related to the pathogen proteome
(28). Moreover, parasite proteins represented a relatively small
proportion of the total proteins, and any proteins that were of
parasite origin were easily detected by MS identification, thereby
ensuring that they were not erroneously included in the subse-
quent analysis.
Figure 1 represents the workflow of the complete experimental
strategy used in this study. Three independent biological replicate
experiments were performed to increase the reproducibility and
coverage of the total proteins identified. Sets A, B, and C represent
three biological replicates at each time point (see Table S4 in the
supplementalmaterial). The technical replicates for each set are in
turn represented as groups I and II (see Table S4 in the supple-
mentalmaterial). A total number of 1,624 proteins were identified
at all three points.
Total numbers of nonredundant proteins identified at 12 h
postinfection in sets A, B, and C were 192, 153, and 155, respec-
tively (see Table S4A in the supplemental material). Furthermore,
a total number of 329 nonredundant proteins (merged data from
sets A, B, and C) were identified in THP-1 cells at 12 h postinfec-
tion (see Table S4B in the supplemental material). Total numbers
of proteins identified in THP-1 cells at 24 h postinfection in set D,
E, and F were 263, 197, and 221, respectively (see Table S4C in the
supplemental material). A total number of 441 nonredundant
proteins (merged data from sets D, E, and F) were identified, 32 of
which were not quantified, while 12 proteins had unknown func-
tion (see Table S4D in the supplemental material). At 48 h postin-
fection, total numbers of proteins identified in host cells were 83,
167, and 193 in sets G, H, and I, respectively (see Table S4E in the
supplemental material). A total number of 310 nonredundant
proteins (merged data from sets G, H, and I) were identified, 29 of
which were not quantified, while 4 proteins had unknown func-
tion (see Table S4F in the supplemental material). The total num-
ber of nonredundant proteins identified in this study was 637 (see
Table S4G in the supplemental material). The low number of
nonredundant proteins identified in the present proteome screen
could be attributed to the AB Sciex 4000 Q Trap instrument,
which has a relatively lower scan speed (4,000 amu/s) than those of
new-generation high-end mass spectrometers.
Identification and functional annotation of differentially
abundant protein signals. Using Gene Ontology (GO) annota-
tions (http://www.geneontology.org/), 9 major functional classes
were identified, namely, signal transduction and vesicular traffick-
ing; apoptosis, cell death, and differentiation; stress, inflamma-
tion, and immune response; DNA repair, replication, and chro-
matin remodeling; RNA splicing and transcription regulation;
protein folding, modification, and synthesis; metabolic pathways;
cytoskeleton; and proteins with unknown function. The pie dia-
grams in Fig. 2A to C show the percent distributions of function-
ally annotated proteins at 12, 24, and 48 h post-Leishmania infec-
tion.
Pattern of differentially abundant proteins.A list of differen-
tially modulated proteins in THP-1 cells infected with L. donovani
is shown in Table S5 in the supplemental material. A total of 199
host proteins were modulated at 12, 24, and 48 h post-Leishmania
infection. Table S5 in the supplemental material represents some
FIG 1 Workflow of the experimental strategy used in this study. Inf, infec-
tion.
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of the important proteins involved in signal transduction, cell sur-
vival responses, immune responses, chromatin remodeling, and
RNA splicing that were critically modulated in macrophages after
infection. The numbers of proteins that showed increased abun-
dance at 12, 24, and 48 h in infected THP-1 cells compared to
uninfected cells were 35, 69, and 30, respectively (see Table S5 in
the supplemental material). The numbers of proteins that were
found in low abundance were 27, 45, and 40 at 12, 24, and 48 h,
respectively (seeTable S5 in the supplementalmaterial). The func-
tional distribution of differentially modulated host proteins at 12,
24, and 48 h post-Leishmania infection is shown in Fig. 3. Nuclear
proteins constituted50%of the total proteins andwere found in
high abundance at 24 h post-Leishmania infection (Fig. 3B). Pro-
teins involved in RNA splicing (hnRNPs) and transcription regu-
lationwere substantiallymore abundant at 24 h postinfection, and
this probably represents the most intense phase of transcript-
based information reprogramming in the host cells. Histones and
proteins involved in chromatin remodeling were highly abundant
at all three time points (Fig. 3A to C). This could possibly be an
outcome of selective pressure of higher gene expression levels in
infected cells, in order to cater to the need of increased metabolic
events. Percentages of less abundant proteins at 12, 24, and 48 h
are shown in Fig. 3D to F, respectively.
A further classification of differentially abundant proteins
based on their origin of subcellular location, based chiefly on GO
annotations (http://www.geneontology.org/), indicated a critical
involvement of the endoplasmic reticulum (ER), mitochondria,
and nucleus at different time points during the course of infection
and parasite multiplication. Mitochondrial and ER-resident pro-
teins were in abundance at 48 h postinfection (Fig. 4). The major-
ity of nuclear proteins were abundant at all time points; however,
the number was highest at 24 h after Leishmania infection (Fig. 4).
In the present study, transcriptional events represent some of the
most important cellular events deregulated at 24 h postinfection.
A summary list of differentially modulated proteins in THP-1
cells infected with L. donovani compared to uninfected cells at 12
h, 24 h, and 48 h is shown in Table 1. These proteins were further
classified into the following categories: signal transduction, apop-
tosis, cell death and differentiation, immune and inflammatory
responses, chromatin remodeling, and RNA splicing. We selected
representative proteins from each group for further validation by
quantitative real-time PCR and Western blotting.
Leishmania infectionmodulates hnRNPs in host cells.Regu-
latory factors involved in alternative splicing include trans-acting
proteins (repressors and activators) and corresponding cis-regu-
latory sites (silencers and enhancers) on the pre-mRNA (29).
hnRNPs are repressors of RNA splicing and act by blocking the
access of the spliceosome to the polypyrimidine tract of RNA (30).
Apart from their role in splicing, these proteins are also involved
in mRNA transport, regulating the secondary structure of pre-
mRNA molecules and hence determining their interaction with
RNA binding proteins, ultimately generating RNA base informa-
tion diversity (29). We observed increased abundances of several
hnRNPs, such as hnRNP K (UniProt KB accession no. P61978)
(2.6-fold change at 24 h) (Fig. 5A), hnRNP A3 (accession no.
P51991) (2.8-fold) (Fig. 5B), and hnRNP D0 (accession no.
Q14103) (3.0-fold) (Fig. 5C), at 24 h postinfection (Table 1).
The relative gene expression patterns of hnRNP K (Fig. 5D), hn-
RNPA3 (Fig. 5E), and hnRNPD0 (Fig. 5F) in infected THP-1 cells
were confirmed by using quantitative real-time PCR. Consistent
and increased expressionwas observed at all time points, although
it did not reflect the exact protein abundance pattern identified in
the proteomics screen. This could be due to an increased stability
of the corresponding transcripts. Immunoblot analysis was done
FIG 2 Pie diagrams showing functional annotations and relative distributions of the total proteins detected in THP-1 cells infected with L. donovani. Ninemajor
functional classes were identified based on their cellular function by using iTRAQmethodology as described inMaterials andMethods. Percent distributions of
the functionally annotated host proteins at 12 h (A), 24 h (B), and 48 h (C) after Leishmania infection are shown.
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to further validate the protein expression of hnRNP K in THP-1
cells after Leishmania infection (Fig. 5G). The maximum expres-
sion level of hnRNP K was observed at 24 h, followed a by time-
dependent decrease in expression, thereby further validating the
proteomics screen results.
Heterogeneous nuclear ribonucleoprotein K, besides being a
transcription factor, has diverse roles in pre-mRNA splicing,
chromatin remodeling, transcription, and translation (31). hn-
RNP K is a substrate for granzyme A (GzmA) and caspases and is
cleaved during cell death, and its inactivation is a common attri-
bute during apoptosis (32). hnRNP K suppresses apoptosis by
suppressing effector caspase-3 and -7 activities by activating
caspase inhibitors (33). The role of hnRNP K in host-pathogen
interactions is well documented for hepatitis B virus replication
and hepatitis C virus pathogenesis (34, 35). We further validated
the role of hnRNP K by RNAi and assessed the effect of knock-
FIG 3 Functional distribution of differentially modulated host proteins (more and less abundant proteins) at 12, 24, and 48 h after Leishmania infection. (A to
C) Percentages of more abundant proteins at 12 h (A), 24 h (B), and 48 h (C) postinfection. (D to F) Percentages of less abundant proteins at 12 h (D), 24 h (E),
and 48 h (F) postinfection.
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down on the parasite infection ratio and proliferation of amasti-
gotes. We performed siRNA-mediated knockdown of the gene
corresponding to hnRNP K in uninfected THP-1 cells, followed
by challenge with Leishmania. Quantification of the number of
intracellular amastigotes postinfection suggested reduced infec-
tion ratios (Fig. 6C) and parasite loads (Fig. 6F) at 48 h postinfec-
tion, further suggesting the supportive role of hnRNP K in Leish-
mania infection and proliferation. Microscopy-based images
showing the effect of the knockdown of hnRNPK on the infection
ratio and intracellular amastigotes are shown in Fig. S1 in the
supplemental material. The increased abundance of this protein
appears to be a proparasitic response; however, the exact molecu-
lar mechanism remains to be elucidated.
Proteins involved in immune responses. Cells of the mono-
cyte-macrophage lineage are the chief source of interleukin-1 (IL-
1), the principal mediator of the host immune response. Leish-
mania averts the initiation of an effective immune response by
suppressing the production of cytokines and chemokines involved
in the proinflammatory response (IL-1 and tumor necrosis factor
alpha [TNF-]) or in T-cell activation (IL-12) (3, 36). Leishmania
cell surface lipophosphoglycan (LPG) is known to suppress IL-1
transcription by acting through a promoter repression sequence
(37). We found a lower abundance of IL-1 (UniProt KB acces-
sion no. P01584) (0.55-fold change at 24 h) in this screen, fur-
ther validating the findings of previously reported in vitro experi-
ments (37). Chitinase-3-like protein 1 (accession no. P36222)
(0.5-fold at 24 h) (see Table S5 in the supplemental material) is
secreted by various cell types, including macrophages (acts as a
Th2-promoting cytokine), and is known to play an important role
in the inflammatory response and activation of the AKT prosur-
vival signaling pathway (38, 39). CD166 antigen (accession no.
Q13740), also known as activated leukocyte cell adhesion mole-
cule, which is a transmembrane glycoprotein and is expressed in
activated monocytes (40), showed higher levels (1.7-fold) (see
Table S5 in the supplemental material) at 48 h postinfection, pos-
sibly promoting cell-cell adhesion andmost likely contributing to
information exchange in the form of signaling molecules (see Ta-
ble S5 in the supplemental material).
Mitochondrial antiviral signaling protein (MAVS) is the first
mitochondrial protein known to activate the nuclear factor kappa
light chain enhancer of activated B cells (NF-B) and interferon
(IFN) regulatory factors (IRF3 and IRF7) responsible for the syn-
thesis of type I interferons (IFN- and IFN-), an important com-
ponent of antiviral signaling. Silencing of endogenous MAVS ex-
pression by RNAi prevents the activation of NF-B, IRF3, and
IRF7, thus blocking interferon production and promoting viral
infection (41).
Our proteomic screen showed that MAVS (UniProt KB acces-
sion no. Q7Z434) (7.9-fold change at 12 h) was significantly
abundant in host cells after Leishmania infection (Table 1). In
order to ascertain the correctness of identification of a protein
having a single peptide, we carried out validation byWestern blot-
ting and RNAi. Immunoblot analyses were done to further vali-
date the protein expression of MAVS in THP-1 cells after Leish-
mania infection. An increase in the MAVS expression level was
evidenced by Western blotting during progressive infection and
proliferation of parasites (Fig. 7G). We found a gradual decline in
the protein level of MAVS after 48 h of infection. The RNAi ex-
periment for MAVS indicates a critical proparasitic role for this
protein during Leishmania-macrophage interactions, as the
knockdown of MAVS was adequate for the reduction of the aver-
age number of parasites per infected cell only at 48 h postinfection
(Fig. 7F). Microscopy-based images showing the effect of the
knockdown of MAVS on the infection ratio and intracellular
amastigotes are shown in Fig. S2 in the supplemental material.
The possible cross talk of MAVS with the components of the
NF-B and IRF signaling pathways for proinflammatory cytokine
and type I IFN production makes it an important regulator of
immune responses for nonviral pathogens (42). Type I IFNs ex-
hibit enhanced expression of class I major histocompatibility
complexmolecules, activation of natural killer cells, production of
cytokines, and promotion of T cells toward a T helper 1 (Th1)
phenotype (43). The role of type I IFN (IFN- and IFN-) in host
macrophages infected with L. major has been well documented
(44). IFN-/ has been demonstrated to be responsible for the
early induction of NOS2 (nitric oxide synthase 2) in L. major-
infected mouse macrophages. L. major-infected dendritic cells
(DCs) exhibit type I IFN (IFN- and IFN-)-associated upregu-
lation of IRF2, IRF9, STAT1/2, and IFNAR (IFN-/ receptor),
leading to an enhanced production of IL-12. However, L. major,
but not L. donovani, was found to induce the expression of IRF2,
IRF7, and IFIT5 (IFN-induced protein with tetratricopeptide re-
peats 5), thereby ruling out the possible involvement of type I IFN
(IFN- and IFN-) signaling pathways as factors mediating the
production of IL-12 in L. donovani-infected human myeloid-de-
rived DCs (45). Our findings further indicate that the proparasite
effect of MAVS is probably independent of type I IFN (IFN- and
IFN-) signaling pathways in the case of L. donovani-infected
macrophages.MAVS has been shown to have amultitude of func-
tions depending upon the cellular context. Alteration of the ex-
pression of MAVS may have a differential outcome depending
upon its interaction with diverse mitochondrial and/or nonmito-
chondrial proteins, as MAVS functions are subject to fine-tuning
by its interactors (46).
Host proteins are involved in signal transduction. Leishma-
nia has evolved sophisticated mechanisms by which it is able to
sabotage host defense responses.We found that different signaling
proteins have altered expression and possibly play a significant
role in Leishmania infection and multiplication (see Table S5 in
the supplemental material).
Members of the Rho family of GTPases (Cdc42, Rac1, and
RhoA), a subfamily of the Ras superfamily, are known to organize
the actin cytoskeleton and regulate the phagocytic oxidative burst
FIG 4 Gene Ontology-based classification of differentially abundant proteins
present in different intracellular compartments.
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in macrophages (47). Rac1 and RhoA are associated with phago-
somes harboring Leishmania and act as an important component
in cytoskeleton rearrangement during phagosome assembly (48,
49). Like all GTPases, Rho proteins act as binary switches, oscil-
lating between inactive (GDP-bound) and active (GTP-bound)
conformations. GEFs (guanine nucleotide exchange factors) and
GAPs (GTPase-activating proteins) are involved in activating and
inactivating this switch and thus are important regulators of cel-
TABLE 1 List of selected differentially modulated proteins in THP-1 cells infected with Leishmania donovani compared to uninfected cells at 12 h,
24 h, and 48 ha
Category and protein name
UniProt
accession
no. Biological process(es)
12 h 24 h 48 h
Mean fold
change in
abundance
(	SD)
No. of
replicate
expts
Mean fold
change in
abundance
(	SD)
No. of
replicate
expts
Mean fold
change in
abundance
(	SD)
No. of
replicate
expts
Signal transduction
Adenylyl cyclase-associated protein Q01518 Activation of adenylate cyclase
activity
0.93 (	0.01) 3 0.44 (	0.21) 3 0.25 (	0.01) 3
cAMP-responsive element binding
protein 3-like protein 4
Q8TEY5 Positive regulation of transcription
from RNA polymerase II
promoter
15.3 (	1.98) 3
Coronin 1C Q9ULV4 Actin cytoskeleton organization 2.28 (	1.03) 2 0.84 (	0.06) 2
Receptor-interacting serine/
threonine protein kinase 1
Q13546 TRIF-dependent Toll-like receptor
signaling pathway
3.06 (	0.94) 2
Protein tyrosine phosphatase
nonreceptor type
P29350 JAK-STAT cascade involved in
growth hormone signaling
pathway
0.22 (	0.005) 2
Apoptosis, cell death, and
differentiation
78-kDa glucose-regulated protein P11021 ER overload response 0.43 (	0.04) 3 1.03 (	0.16) 3 1.95 (	0.38) 3
10-kDa heat shock protein,
mitochondrial
P61604 Activation of cysteine-type
endopeptidase activity involved
in the apoptotic process
0.59 (	0.05) 3 0.84 (	0.12) 3 1.9 (	0.88) 3
Vimentin P08670 Cellular component disassembly
involved in the execution phase
of apoptosis
0.58 (	0.16) 3 1.74 (	0.55) 3 2.19 (	0.10) 3
High-mobility-group protein
HMG-I/HMG-Y
P17096 DNA unwinding involved in
replication
1.56 (	0.07) 3 3.54 (	0.1) 3 5.74 (	0.34) 3
Annexin A5 P08758 Negative regulation of the
apoptotic process
0.34 (	0.13) 3 0.35 (	0.12) 2
Immune and inflammatory responses
Mitochondrial antiviral signaling
protein
Q7Z434 Activation of innate immune
response
7.86 (	3.55) 2
Interleukin-1 P01584 Cytokine-mediated signaling
pathway
0.75 (	0.45) 2 0.55 (	0.03) 2
CD166 antigen Q13740 Cell adhesion 1.71 (	0.12) 2
Chromatin remodeling and RNA
splicing
Histone H4 P62805 CENP-A containing nucleosome
assembly at the centromere
1.62 (	0.28) 3 5.51 (	2.94) 3 13.6 (	3.23) 3
Nucleolin P19338 Transcription regulation 1.46 (	0.43)* 3 3.23 (	2.3) 3 1 (	0.02) 3
Heterogeneous nuclear
ribonucleoprotein A2/B1
P22626 RNA transport and mRNA splicing
via the spliceosome
0.89 (	0.04) 3 2.96 (	0.49) 3 1.0 (	0.029) 3
Heterogeneous nuclear
ribonucleoprotein H
P31943 mRNA splicing via the spliceosome 0.98 (	0.24) 2 2 (	0.54) 3 0.99 (	0.108) 3
Heterogeneous nuclear
ribonucleoprotein D0
Q14103 mRNA splicing via the spliceosome 0.71 (	0.08) 3 3.07 (	1.64) 3 1.08 (	0.09) 3
Heterogeneous nuclear
ribonucleoprotein A1
P09651 RNA export from the nucleus and
mRNA splicing via the
spliceosome
1.17 (	0.26) 3 2.57 (	0.25) 2
Heterogeneous nuclear
ribonucleoprotein K
P61978 mRNA splicing via the spliceosome 0.46 (	0.23) 3 2.64 (	0.34) 3 0.88 (	0.28) 3
Heterogeneous nuclear
ribonucleoprotein C1/C2
P07910 mRNA splicing via the spliceosome 1.13 (	0.10) 3 2.28 (	1.04) 3 1.37 (	0.24) 3
Heterogeneous nuclear
ribonucleoprotein A3
P51991 mRNA splicing via the spliceosome 0.69 (	0.13) 2 2.79 (	1.16) 3 1.16 (	0.15) 3
a The parameters used for identification and quantification of differentially modulated proteins included (i) proteins having95% confidence (Unused-Prot score of1.3); (ii)
proteins with fold differences of1.5 or0.67, which were considered more abundant or less abundant, respectively; and (iii) proteins detected in a minimum of two technical
replicate experiments. Fold changes represent the fold changes in abundance (higher/lower) in infected versus uninfected THP-1 cells. TRIF, TIR domain-containing adapter-
inducing IFN-; CENP-A, centromere protein A. *, nearest fold ratio for threshold cutoff is threshold cutoff	 0.05.
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lular events during phagocytosis and pathogen establishment
(48). SH3 domain binding protein 1 (SH3BP) (UniProt KB acces-
sion no.Q9Y3L3) demonstratesGAP activity that wasmore abun-
dant in infected cells at 12 h (1.6-fold), thus repressing this
switch to facilitate parasite survival. Interestingly, Rab GDP dis-
sociation inhibitor beta (accession no. P50395) (0.6-fold at 24 h
and 0.5-fold at 48 h) was found in low abundance in the pro-
teomics screen. Rab GDP dissociation inhibitor beta regulates the
GDP/GTP exchange reaction of most Rab proteins and activates
the binary switch. These modulations of components of GTPase-
mediated signaling point toward a downregulation of host defense
responses against Leishmania infection and proliferation.
GEFs, including Rho guanine nucleotide exchange factor 18
(ARHGEF18) (accession no. Q6ZSZ5), are also involved in actin
cytoskeleton reorganization and act as a guanine nucleotide ex-
change factor for Rac1, inducing the production of reactive oxy-
gen species (ROS) (49). This protein was highly abundant (3.6-
fold) at 12 h postinfection (Table 1), further suggesting a role of
Rho family GTPases in host-Leishmania interactions. The knock-
down of the gene corresponding to ARHGEF18 suggests the es-
sentiality of this gene during Leishmania infection, as the infection
ratio as well as the total number of amastigotes were reduced at 48
h postinfection in ARHGEF18-depleted THP-1 cells (Fig. 7C).
Protein tyrosine phosphatases (PTPs) dephosphorylate a wide
variety of phosphoproteins involved in a myriad of signaling
events involved in cell growth, differentiation, and cell death (50).
Protein tyrosine phosphatase nonreceptor type 6 (PTPN6), also
known as Src homology region 2 domain-containing phosphatase
1 (SHP-1) (UniProt KB accession no. P29350), showed a lower
abundance at 48 h (0.22-fold) (Table 1) (51). SHP-1 reversibly
associates with the IFN- receptor complex upon IFN stimulation
and selectively inhibits the JAK/STAT signaling pathway (3).
SHP-1 is also known to have an inhibitory effect on JAK2, the
Erk1/Erk2MAPK, NF-B, IRF-1, and AP-1, which in turn inhibit
IFN--inducible macrophage function (5, 52). The pattern of
abundance of SHP-1 was observed in two of the replicate experi-
ments and was identified based on a single peptide in the pro-
teomic screen. The expression pattern of SHP-1 was further vali-
dated by immunoblot analyses (Fig. 8E). Western blot analysis
showed increased expression of SHP-1 12 h after infection. How-
ever, a time-dependent decrease in SHP1 expressionwas observed
from 24 to 60 h. It was interesting to find the downregulation of
SHP-1 as a delayed response against Leishmania infection in host
cells.
Necroptosis, an alternative form of programmed cell death,
depends on two structurally related kinases, receptor-interacting
serine/threonine kinase 1 (RIPK1) and RIPK3. The activation of
RIPK1 begins by the oligomerization of Fas-associated protein
with death domain (FADD) and TNF receptor-associated death
domain (TRADD), which is triggered by TNF- (53). The in-
creased abundance of RIPK1 (UniProt KB accession no. Q13546)
(3.0-fold at 24 h) suggests a possible involvement of this phe-
nomenon in a subset of macrophages infected with Leishmania.
Leishmania promastigotes initially exploit complement or the
mannose-fucose receptor to entermacrophages, a process assisted
by Leishmania LPG (3). Newly formed phagosomes harboring
Leishmania are partially covered by periphagosomal F-actin that
prevents the interaction of early phagosomes with the late endo-
cytic-lysosomal compartment (54). A similar mechanism has
been reported for mycobacterial phagosomes, where coronin 1
(F-actin-interacting protein expressed exclusively in mammalian
leukocytes) is involved in preventing the fusion of early phago-
somes with late endosomes by F-actin recruitment (54, 55). Early
phagosomes that retain coronin 1 are resistant to acidification and
FIG 5 (A to C) Bar diagrams showing differential abundances of hnRNP K (A), hnRNP A3 (B), and hnRNP D0 (C) in host macrophages after Leishmania
infection at different time points. One-way ANOVA was applied to proteomics data to analyze the fold abundances. (D to F) The expression of hnRNP K (D),
hnRNP A3 (E), and hnRNP D0 (F) was assessed by qRT-PCR. Real-time PCR data represent means from three independent experiments. Student’s t test was
applied to analyze the data. U6 small RNA (RNU6A) was used as an internal control. Data analysis was performed by using the 2CTmethod. *, P
 0.05. Inf.,
infection. (G)Western blot showing time-dependent expression of hnRNPK inTHP-1 cells infectedwith L. donovani. Beta-tubulinwas used as a loading control.
Densitometric analysis shows the fold change in expression in infected THP-1 cells with respect to the untreated control group. The data are representative of
three independent experiments. UniProt accession numbers are shown in parentheses.
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hence increase pathogen fitness (56). The increased abundance of
coronin 1C (UniProt KB accession no. Q9ULV4) (2.3-fold at 12
h) during the initial phase of the host-Leishmania interaction is an
indication of a similar mechanism possibly operating in early
phagosomes retaining Leishmania.
The transcriptional activator cyclic AMP (cAMP)-responsive
element binding protein 3-like protein 4 (CREB-4) (UniProt KB
accession no. Q8TEY5), in combination with NF-B, C/EBP,
andNFAT, is involved in the transcriptional upregulation of genes
to counter stress-induced damage (57). The CREB-4 level was
15.0-fold higher at an earlier time point (12 h) after infection, and
this is a possible adaptation mechanism in Leishmania-infected
macrophages against oxidative stress. No detectable levels of
CREB-4 were observed at 24 and 48 h postinfection.
Proteins involved in cell survival. While programmed cell
death or apoptosis is an indispensable mechanism of host cells to
counter intracellular pathogens, these pathogens, including Leish-
mania, are known to modulate and selectively suppress apoptotic
machinery and successfully multiply inside the parasitophorous
vacuole (58).
Perforin (UniProt KB accession no. P14222) induces cell death
in association with granzymes (GzmA and GzmB) by forming a
pore on the target cell. Subsequently, granzymes can trigger apop-
tosis by an indirect effector caspase activation mechanism by ac-
tivating proapoptotic BH3-interacting domain death agonist
(BID) (59). Perforin was more abundant (1.75-fold) at 24 h
postinfection. Annexins can bind to certain membrane phospho-
lipids in a Ca2-dependent manner, and they are a link between
Ca2 signaling and membrane function. Annexin A5 (accession
no. P08758) is a ligand highly specific for phosphatidylserine,
which, once exposed to the outer surface of the plasmamembrane,
acts as an “eat me” signal for phagocytosis and necrotic cells (60).
Regardless of the higher level of perforin at 24 h, a consistent low
abundance of annexin A5 (0.34-fold at 24 h and 0.35-fold at
24 h) clearly indicates the containment of apoptosis in Leishma-
nia-infected cells. Upregulation of proapoptotic perforin and
downregulation of annexin A5 suggest antagonism between pro-
apoptotic and antiapoptotic effectors in Leishmania-infected
macrophages.
Vimentin (UniProt KB accession no. P08670) is an organizer
of critical proteins involved in attachment, migration, cell signal-
ing, inflammation, and apoptosis. Caspase-mediated cleavage of
vimentin disrupts the association of intermediate filaments,
which coincides transiently with nuclear fragmentation and facil-
itates apoptosis (61). Activated humanmacrophages are known to
secrete vimentin into the extracellular space. Proinflammatory cy-
tokines such as TNF- can trigger its secretion, while IL-10 (Th2
cytokine) is known to block its secretion in a PKC-dependent
manner (62). Vimentin is essential for the replication of foot-and-
mouth disease virus, and it has been deregulated during Toxo-
plasma infection (28, 63). An early low abundance (0.58-fold at
12 h) followed by an augmentation of its abundance (1.74-fold
at 24 h and2.2-fold at 48 h) and gene expression (Fig. 8A and B)
suggests its participation in the host response to Leishmania infec-
tion and multiplication.
We found increased abundances of several high-mobility-
group (HMG) proteins (Table 1). HMG proteins act as “antire-
pressor” molecules that outcompete the binding of inhibitory
proteins (of transcription) to scaffold attachment region (SAR)
sequences (64). HMG-I/HMG-Y (UniProt KB accession no.
FIG 6 (A to C) Bar diagrams showing the effect of gene knockdown of hnRNP K on the variation of the infection ratio at 12 h (A), 24 h (B), and 48 h (C). (D to
F) Average number of parasites/infected cell at 12 h (D), 24 h (E), and 48 h (F). Results are representative of data from three separate experiments. Student’s
two-tailed t test was applied to analyze the data. *, P
 0.05. inf., infected; transf, transfection.
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P17096) showed an increased abundance at all time points
(1.56-fold at 12 h, 3.54-fold at 24 h, and 5.74-fold at 48 h). These
proteins are critical regulators of several genes involved in the
immune response and signal transduction (most importantly
CD44, NOS2, IL-2, TNFB, IFNB, COX2, and PKCG) and physi-
cally interactwith a large number of transcription factors (namely,
AP-1, IRF-1, NF-B, C/EBP, andNF-AT) (64) that are known to
play a significant role in host-Leishmania interactions.
Mammalian heat shock proteins (HSPs) and glucose-regulated
proteins (GRPs) are molecular chaperones essentially involved in
FIG 7 (A to C) Bar diagrams showing the effect of ARHGEF18 (Rho guanine nucleotide exchange factor 18) and MAVS (mitochondrial antiviral signaling
protein) gene knockdown on the variation of the infection ratio at 12 h (A), 24 h (B), and 48 h (C). (D to F) Average number of parasites/infected cell at 12 h (D),
24 h (E), and 48 h (F). Results are representative of data from three separate experiments. Student’s two-tailed t test was applied to analyze the data. *, P
 0.05.
inf., infected; transf, transfection. (G) Western blot showing time-dependent expression of MAVS in THP-1 cells infected with L. donovani. Densitometric
analysis shows the fold change in expression in infected THP-1 cells with respect to the untreated control group. The data are representative of three independent
experiments.
FIG 8 (A and C) Bar diagrams showing differential abundances of vimentin (A) and the 78-kDa glucose-regulated protein (C) at different time points
post-Leishmania infection. (B and D) The expression of vimentin (B) and 78-kDa glucose-regulated protein (D) was assessed by qRT-PCR. One-way ANOVA
was applied to proteomics data to analyze the fold abundance. Real-time PCR data represent means from three independent experiments. Student’s t test was
applied to analyze the data. RNU6A was used as an internal control. Data analysis was performed by using the 2CT method. *, P
 0.05. Inf., infection. (E)
Western blot analysis of PTPN6/SHP-1, GRP78, HMG-I, and histone H4 proteins across different time points in THP-1 cells infected with L. donovani.
Beta-tubulin was used as a loading control. Densitometric analysis shows fold changes in expression in infected THP-1 cells with respect to the untreated control
group. The data are representative of three independent experiments.
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protein folding, stabilization, and translocation under normal and
adverse conditions such as heat and oxidative stress, including
infection. The level of the ER-resident chaperone 78-kDa glucose-
regulated protein (GRP78) (UniProt KB accession no. P11021) is
elevated during glucose starvation, Ca2 depletion from the ER,
accumulation of misfolded proteins, and reductive stress. The
rapid elevation in the cytosolic level of Ca2 as a result of the
depletion of Ca2 from the ER during Leishmania infection is a
widely known phenomenon (3). The initially low abundance
(0.4-fold at 12 h), possibly as a result of decreased production of
proinflammatory cytokines, followed by the increased abundance
(1.9-fold at 48 h) (Fig. 8C), which can be a direct consequence of
increased stress conditions, including the unfolded-protein re-
sponse (UPR) and further depletion of Ca2 levels, further mir-
rors these events as reported above. Furthermore, validation of
GRP78 gene expression was done by quantitative RT-PCR (qRT-
PCR) of macrophages infected with Leishmania for 12, 24, and 48
h (Fig. 8D). Immunoblot analyses were done to validate the pro-
tein expression of HMG-I, vimentin, and GRP78 in THP-1 cells
after Leishmania infection (Fig. 8E). Time-dependent increases in
HMG-I and GRP78 protein expression levels were observed in
Leishmania-infected THP-1 cells (Fig. 8E).
Increased abundance of proteins involved in translation.
Modulation of host protein synthesis is a widely known event in
Toxoplasma-infected human fibroblast cells (28). Two important
proteins, elongation factor 1 alpha 1 (UniProt KB accession no.
P68104) (2.29-fold at 12 h and1.55-fold at 24 h) and elonga-
tion factor 1 alpha 2 (accession no. Q05639) (2.27-fold at 12 h)
were more abundant in infected macrophages. Notably, elonga-
tion factor 1, in associationwith poly(ADP-ribose) polymerase 1
(PARP1) andprotein tyrosine kinase (TXK), forms a complex that
acts as a T helper 1 (Th1) cell-specific transcription factor to pro-
mote IFN- transcription (65). Several ribosomal proteins (both
60S and 40S ribosomal subunits) were found in high abundance
across different time points after Leishmania infection. The rela-
tively higher abundance of proteins involved in translation ap-
pears to be an adaptivemechanism tomeet the increasing demand
for metabolites and proteins during extended periods of parasite
multiplication inside the host cell.
Histones are highly abundant in infected host cells. We de-
tected a significantly higher level of histone proteins, which cor-
relates with an increased number of transcriptional events after
Leishmania infection. Histone H2A is composed of several nonal-
lelic variants whose composition varies during cell differentiation.
The levels of several histone H2A and H2B proteins were signifi-
cantly and consistently higher at different time points (Table 1).
Histone H3.3 (UniProt KB accession no. P84243) (1.87-fold at
24 h) and histone H3.2 (accession no. Q71DI3) (3.45-fold at 24
h) were the only histone H3 variants that were more abundant in
infected macrophages. Histone H1x (accession no. Q92522) was
the only variant of linker histone H1 that was identified in this
study (2.0-fold at 24 h). We also found a strong and consistent
induction of histone H4 (accession no. P62805). Immunoblot
analysis showed a time-dependent increase in the expression of
histone H4 in infected THP-1 macrophages (Fig. 8E).
Altered expression patterns of identified proteins in L. don-
ovani-infected human monocyte-derived macrophages. Since
our proteomic screen was done using infected THP-1 cells that
were differentiated into macrophages by treatment with PMA, we
decided to validate some of the proteins identified in our pro-
teome screen using human monocyte-derived macrophages
(MDMs). Real-time PCR analyses of hnRNP K (Fig. 9A), hnRNP
A3 (Fig. 9B), hnRNPD0 (Fig. 9C), vimentin (Fig. 9D), andGRP78
(Fig. 9E) in humanmonocyte-derivedmacrophages infected with
L. donovani across different time points was done. Significant in-
creases in the expression levels of hnRNP K (Fig. 9A), hnRNP A3
(Fig. 9B), and hnRNP D0 (Fig. 9C) were observed at early time
points (6 to 12 h) in L. donovani-infected human MDMs. Immu-
noblot analyses were done to further compare and validate the
protein expressions of hnRNP K, MAVS, HMG-I, vimentin,
SHP-1, and GRP78 in human monocyte-derived macrophages
after Leishmania infection (Fig. 9). Time-dependent increases in
the expression levels of hnRNP K, MAVS, HMG-I, and GRP78
were observed in human MDMs (Fig. 9F) after Leishmania infec-
tion, suggesting a possible involvement of these proteins during
the course of infection and proliferation of parasites. The pattern
of abundance of SHP-1 was also validated by immunoblot analy-
ses (Fig. 9F). The level of SHP-1 showed an initial increase at 12 h
and then decreased at later time points. Real-time PCR andWest-
ern analysis using MDMs clearly confirm the data obtained with
infected THP-1 cells.
Altered expression patterns of metabolic enzymes and their
functional significance. In order to survive in host macrophages,
intracellular parasites require highly adaptable physiological and
metabolic systems. Previous reports showed a decrease in the gly-
colytic capacity of L. donovani during the course of differentiation
(66). At the same time, beta-oxidation, amino acid catabolism,
tricarboxylic acid (TCA) cycle, mitochondrial respiration chain,
and oxidative phosphorylation capacities are all upregulated.
These results indicate that the differentiating parasite shifts from
glucose to fatty acids and amino acids as its main energy source
(66). Leishmania promastigotes have also been reported to coun-
ter ROS and reactive nitrogen species (RNS) effects during the
initial stage of infection, as observed by changes in the enzymatic
machinery of pathways involved in maintaining redox homeosta-
sis, trypanothionemetabolism, oxidative phosphorylation, super-
oxide metabolism, the mitochondrial respiration process, and
other essential metabolic pathways (67).
Metabolomics together with proteomics approaches could
form one of the most important postgenomic analyses to reveal
changes in metabolic fluxes and identify biomarkers during the
course of pathogenic challenge inside macrophages. A recent
study using 1H NMR (nuclear magnetic resonance)-based meta-
bolic profiling of classically activated macrophages (caMs), al-
ternatively activated macrophages (aaMs), and nonactivated
macrophages (naMs), with or without infection with L. major
revealed clear metabolic differences between aaMs, caMs, and
naMs in the infected and uninfected states (68). The internal and
external metabolome of L. major-infected macrophages showed
elevated levels of acetate, alanine, pyruvate, succinate, and lactate,
which appeared to be the main end products of intramacrophage
parasites. The enhanced levels of creatine (aaMs, caMs, and
naMs) and creatine phosphate (aaMs and naMs) in infected
macrophages on the other hand reflected the higher energy de-
mand of the macrophages in order to cope with infection, since
creatine phosphate represents a major cellular short-term energy
reserve for ATP generation.
A similarly enhancedmetabolic statuswas reflected in the pres-
ent proteomics screen, where a large number of enzymes involved
in metabolic pathways were differentially modulated in macro-
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phages in response to infection by L. donovani. The majority of
differentially modulated enzymes were involved in glycolysis, the
Krebs cycle, fatty acid oxidation, and electron transport, reflecting
the altered metabolic needs of the infected macrophages (see Ta-
ble S5 in the supplemental material).
Glycolysis is critically modulated inside Leishmania-in-
fected macrophages. Apart from acting as a safe haven for para-
sites, the PV provides essential nutrients, cations, and carbon
sources for a successful infection. On the other hand, Leishmania
is known to salvage low-molecular-weight nutrients (hexoses,
amino acids, polyamines, purines, and vitamins) through its
membrane transporters while multiplying inside PVs (69). Larger
macromolecules such as proteins, carbohydrates, DNA, and RNA
are taken up by parasites directly through endocytosis. Fructose-
bisphosphate aldolase A (UniProt KB accession no. P04075) is
known to bind and sequester Fe(II), a soluble form of iron avail-
able in the cellular pool (70), while Leishmania is an excellent iron
miner, and the uptake of Fe(II) by the parasite plays a key role in
amastigote differentiation in the PV (71). The lower abundance of
this enzyme (0.3- and 0.5-fold at 24 h and 48 h, respectively)
appears to be a host cell adaptation mechanism to deplete the
intracellular pool of iron available to parasites to further resist
their proliferation. Nevertheless, a lower level of fructose-bispho-
sphate aldolase A can promote the entry of the substrate of the
enzyme into the pentose phosphate pathway, thus generating re-
ducing equivalents (NADPH) and pentoses.
Pyruvate kinase M1/M2 (PKM1/M2), besides catalyzing the
transfer of a phosphoryl group from phosphoenolpyruvate (PEP)
to ADP and generating ATP, is also involved in caspase-indepen-
dent cell death of tumor cells (72). Development of hypoxic con-
ditions during infections and inflammatory events is a normal
phenotype in cancer tumor and immune effector cells. Leishmania
is known to activate themammalian oxygen-sensing transcription
factor hypoxia-inducible factor l (HIF-1) for its survival andmul-
tiplication inside macrophages (73). PKM2 is known to act as
coactivator that stimulates HIF-1 transactivation of target genes
involved in glucose uptake and cell survival (74). A sustained
lower level of PKM1/M2 appears to be one of the antagonistic
mechanisms against infection inside host cells. The lower abun-
dance of another glycolytic enzyme, -enolase (0.4- and 0.5-fold
at 24 and 48 h, respectively), during the payoff phase of the reac-
tion suggests the rerouting the glycolytic reaction intermediates in
anabolic pathways to supplement the sustained need for metabo-
lites inside persistently infected cells.
Higher abundances of other key glycolytic enzymes, glyceral-
dehyde-3-phosphate dehydrogenase (UniProt KB accession no.
P04406) (1.66-fold) and triose phosphate isomerase (accession
no. P60174) (1.5-fold), were also observed.
Modulation of enzymes in the Krebs cycle. The Krebs cycle
provides precursors of amino acid biosynthesis as well as the re-
ducing agent NADH used in various biochemical reactions. Mi-
tochondrial fumarate hydratase (UniProt KB accession no.
UP07954) was found in high abundance (1.8-fold at 24 h and
1.3-fold at 48 h). Malate dehydrogenase was initially found in
lower abundance, but it was induced as infection progressed
(0.5-fold at 12 h and1.7-fold at 48 h) and host cells underwent
a metabolic burden to synthesize a larger amount of the amino
acid precursor needed to support parasite proliferation and aux-
otrophy for several metabolic needs. Another enzyme, the mito-
chondrial NAD-dependent malic enzyme (accession no. P23368)
FIG 9 (A to E) Real-time PCR analyses of hnRNP K (A), hnRNP A3 (B), hnRNP D0 (C), vimentin (D), and GRP78 (E) across different time points in human
monocyte-derived macrophages infected with L. donovani. The data are representative of three different biological experimental replicates. Student’s t test was
applied to analyze the data. RNU6A was used as an internal control. Data analysis was performed by using the 2CT method. *, P 
 0.05. (F) Western blot
analysis of hnRNP K, MAVS, PTPN6/SHP-1, GRP78, and HMG-I. Beta-tubulin was used as a loading control. Densitometric analysis shows fold changes in
expression in infected THP-1 cells with respect to the untreated control group. The data are representative of three independent experiments.
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(1.9-fold at 24 h), acts on malate to form pyruvate, which is
accompanied by the production of NADPH, an essential cofactor
for fatty acid biosynthesis, along with acetyl coenzyme A (acetyl-
CoA), through an auxiliary pathway. The increased abundances of
these enzymes reflect the need to generate reaction intermediates
and reducing power to fuel amino acid biosynthesis and other
anabolic pathways.
Enzymes involved in -oxidation of fatty acids are differen-
tially upregulated. Fatty acid oxidation inside mitochondria gen-
erates acetyl-CoA, which enters the TCA cycle, while NADH and
reduced flavin adenine dinucleotide (FADH2) are used in the elec-
tron transport chain. Key enzymes of this pathway, such as acyl-
CoAdehydrogenase familymember 10 (UniProt KB accession no.
Q6JQN1) (7.0-fold at 12 h), mitochondrial trifunctional en-
zyme subunit alpha (accession no. P40939) (1.56-fold at 24 h),
and mitochondrial 2,4-dienoyl-CoA reductase (accession no.
Q16698) (2.0-fold at 12 h) were found in higher abundance.
This would provide an increased energy (ATP) supply and acetyl-
CoA, which, in conjunction with oxaloacetate, can fuel the TCA
cycle and complement the ever-increasing demand for reaction
intermediates and reducing power (NADPH).
Enzymes involved in electron transport and mitochondrial
respiration are upregulated. The shift in the pattern of energy
production was visible for electron transport, where mitochon-
drial ATP synthase subunit beta (UniProt KB accession no.
P06576) (0.47-fold at 12 h and 3.1-fold at 48 h) and mito-
chondrial cytochrome b-c1 complex subunit 2 (accession no.
P22695) (1.71-fold at 24 h) showed consistently higher abun-
dances in infected host cells. This overabundance of some of the
key enzymes in mitochondrial respiration indicates the active in-
volvement of host mitochondrial machinery of oxidative phos-
phorylation in Leishmania infection.
In conclusion, our data provide the first comprehensivemech-
anistic insight into host proteomedynamics and themanipulation
of gene regulatory events as one of the mechanisms by which
Leishmania is known to command host defense responses for its
own benefit. The host quantitative proteomics modulation screen
in combinationwith the RNAi approach has the potential to iden-
tify critical host factors involved in Leishmania infection andmul-
tiplication. Future strategies will involve innovative genomics and
proteomics approaches to identify potential targetable host fac-
tors against Leishmania using different host backgrounds. These
studies can become the backbone for intuitive approaches for tar-
geting host components, particularly signaling molecules, which
may be important for parasite clearance from the infected host.
Since leishmaniasis is a complex of diseases (VL is one among
them) with a greater diversity of pathologies caused by different
species throughout diverse geographical locations, using a single
strain or species to identify host factors and alteredmechanisms in
a single cell type will not represent the true picture of host-Leish-
mania interaction. A larger number of studies involving actual
patient samples and clinical isolates are needed to analyze the host,
parasitoproteome, and metabolome in order to obtain the true
picture of the host-parasite interface.
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